To examine the associations between eating behavior traits and weight loss according to sleep quality and duration in adults enrolled in common weight-loss interventions. METHODS: Participants included overweight and obese men and women (n = 150) (mean ± s.d. age, 38.8 ± 8.6 years; mean ± s.d. body mass index (BMI), 33.3 ± 3.5 kg m − 2 ) who were subjected to a dietary intervention over a period of 12-16 weeks. Anthropometric measurements, eating behavior traits (Three-Factor Eating Questionnaire), sleep quality (total Pittsburgh Sleep Quality Index (PSQI) score) and sleep duration (hours per night, self-reported from the PSQI) were assessed at both baseline and post intervention. Linear regression analysis was used to quantify the relationships between eating behavior traits and changes in anthropometric markers for all subjects and by sleep categories (short sleep: o 7 h per night vs recommended sleep: ⩾ 7 h per night; poor sleep quality: ⩾ 5 PSQI score vs good sleep quality: o 5 PSQI score). We adjusted for age, sex and baseline BMI in analyses. RESULTS: Baseline eating behavior traits were modest predictors of weight-loss success, but they were all significantly associated with their changes over the weight-loss intervention (P o0.01). The diet intervention induced significant changes in eating behavior traits and even more for those having a non-favorable eating behavior profile at baseline. We observed that changes in flexible control and strategic dieting behavior were constantly negatively associated with changes in body weight and fat mass (P o 0.05) for recommended duration sleepers. The change in situational susceptibility to disinhibition was positively associated with the change in fat mass and body weight for those having healthy sleeping habits (P o 0.05). For poor quality sleepers, the change in avoidance of fattening foods was negatively associated with changes in adiposity (P o0.05). CONCLUSION: Eating behavior traits and sleep may act together to influence the outcome of weight-loss programs.
INTRODUCTION
A large body of evidence shows that sleeping habits have an influence on body weight regulation. 1 More specifically, studies report that short sleep duration and poor sleep quality are both associated with weight gain and obesity. 2 Results of recent studies also suggest that lack of sufficient sleep can impact the success of weight-loss interventions. For example, Nedeltcheva et al. 3 conducted a crossover study in overweight adults randomly assigned to either 5.5 or 8.5 h per night for 2 weeks in addition to moderate caloric restriction in a laboratory setting. They observed that sleep restriction led to less body fat loss and greater hunger compared with the experimental condition with adequate sleep.
We recently replicated these findings in a real-life setting and showed that both sleep duration (hours per night) and sleep quality (total Pittsburgh Sleep Quality Index (PSQI) score) predicted fat mass loss during common dietary interventions in overweight and obese adults. 4 In particular, we observed that a 1-h change in sleep duration was associated with a 0.7 kg change in fat mass after adjustment for covariates. Although the latter study also suggests that poor sleeping habits can undermine dietary efforts to reduce adiposity, the interaction between sleep and eating behaviors with regard to the magnitude of body weight, fat mass and waist circumference (WC) loss is unknown.
A better understanding of the connections between sleep and eating behaviors is needed if we want to better tailor weight-loss programs, avoid patients' disappointment and maximize success.
The objective of the present study was therefore to examine the relationship between eating behaviors, sleep quality/quantity and loss of body weight, fat mass and WC in adults involved in dietbased weight-reducing programs. We hypothesized that having good sleeping habits together with adequate eating behavior traits would promote greater weight and fat loss in adults undergoing dietary interventions.
SUBJECTS AND METHODS Subjects
Four weight-reducing interventions performed at Laval University (Quebec City, Canada) were pooled together to maximize power. Details about these studies have been previously published. [5] [6] [7] [8] Briefly, all the studies included in the present article had included a standardized diet aimed at promoting a negative energy balance while subjects were either taking a placebo or a supplement of an active agent. In the present study, only data from participants enrolled in the control (placebo) group of these studies were considered for statistical analyses to avoid the influence of the active supplements on the primary outcome measures (i.e., weight, fat mass and WC losses). Overall, 150 healthy overweight and obese men and women aged between 20 and 55 years were subjected to a diet intervention supervised by a dietician. In most of these interventions, [5] [6] [7] ) decrease in energy intake. In the last study, 8 participants were assigned a control diet based on the Canada's Food Guide to promote a negative energy balance. 9 Depending on the study, the length of the intervention varied between 12 and 16 weeks. The following inclusion criteria were also considered: absence of pregnancy, breast-feeding or menopause (determined by the cessation of menstruation), stable body weight, body mass index (BMI) between 27 and 42 kg m −2 , o 3 periods of 20 min of physical activity per week, no use of medication and/or all kinds of supplements that could interfere with the study's objective, without comorbidities, consumption of ⩽ 10 alcoholic beverages per week or no more than 2 drinks per day depending on the study, and consumption of ⩽ 5 cups of coffee per day. Every 2 weeks (from the beginning until the completion of the study), participants met their assigned dietician. Compliance was verified by comparing the diet prescribed (total daily energy intake and macronutrient composition) to the actual diet composition of the participants which was checked at every visit using 24 h food recalls. Study protocols were approved by the Laval University Ethics Committee. Written informed consent was obtained from all participants.
Anthropometric and body composition measurements
Height was measured to the nearest 0.1 cm (without shoes and light clothes) using a standard stadiometer and body weight was measured to the nearest 0.1 kg using either a standard beam scale or a digital panel indicator scale. BMI was calculated as body weight divided by height squared (kg m
−2
). WC was measured with an anthropometric tape at midpoint between the lower border of the last rib and the upper border of the iliac crest. Body fat mass was either measured by dual-energy X-ray absorptiometry [6] [7] [8] (GE Medical Systems Lunar, Diegem, Belgium) or by the underwater weighing technique 5 with the use of the Siri formula 10 to estimate the percentage of body fat from body density. All measurements were performed in the same way and in accordance with standardized procedures at both baseline and at the end of the dietary interventions.
Sleep assessment
At both baseline and at the end of the intervention, each participant had to complete the PSQI, a self-rated questionnaire that assesses sleep quality and disturbances over the preceding 1-month time period. 11 This questionnaire contains 19 individual items and generates seven component scores: subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleeping medication and daytime dysfunction. The sum of the component scores yields one total score with a maximum of 21. A total PSQI score greater than 5 is highly sensitive and specific in distinguishing good from poor sleepers and has been validated in a number of populations. 12 In the context of our study, both sleep quality (total PSQI score) and sleep duration (self-reported from the PSQI) were used for statistical analyses. Short sleep duration was defined as o7 h per night and recommended sleep duration as ⩾ 7 h per night according to the median value in this sample and in agreement with the literature on the topic.
1,2 Furthermore, poor sleepers were those having a PSQI score ⩾ 5 and good sleepers those having a PSQI score o 5.
Eating behavior traits assessment
Participants had to complete a French version of the 51-item Three-Factor Eating Questionnaire at baseline and at the end of the intervention. 13 This questionnaire measures three dimensions of human eating behavior, that is, cognitive dietary restraint (intent to control food intake), disinhibition (overconsumption of food in response to cognitive or emotional cues) and susceptibility to hunger (food intake in response to feelings and perceptions of hunger). It is also possible to distinguish two types of cognitive dietary restraint behaviors: flexible control and rigid control of eating.
14 Other more specific eating behaviors have been identified as subscores in each of the three main dimensions, which offers a more complex picture of eating behavior in humans. 15 The Three-Factor Eating Questionnaire is a reproducible and valid tool 13, 16, 17 and the French version has been previously validated. 18 We examined each trait (baseline and change), including their respective subscores, as it has been proposed that measuring domain-specific factors are more likely to help in clarifying the complexity of eating behaviors. 15 
Diet assessment
At both baseline and at the end of the intervention, participants had to fill out a 3-day food record for 2 weekdays and 1 weekend day. A dietician explained to each participant how to accurately complete the dietary record including how to quantify the foods consumed. This method of dietary assessment has been shown to provide a relatively reliable measure of diet in this population. 19 Mean daily energy intake was estimated by a dietician using a computerized version of the Canadian Nutrient File. 20 
Statistical analysis
Using regression analysis, we first quantified the relationships between baseline eating behavior traits and changes in body weight, fat mass and WC. Secondly, we verified the previous relationships by sleep categories (short sleep: o7 h per night vs recommended sleep: ⩾ 7 h per night; poor sleep quality: ⩾ 5 PSQI score vs good sleep quality: o5 PSQI score). The same analyses were further examined by using the changes in eating behavior traits. Models were all adjusted for age, sex and baseline BMI. Multiple analysis of variance was used to monitor the effect of the dietary intervention on anthropometric markers, eating behavior traits and sleep. Linear regression analysis was used to quantify the relationships between baseline eating behavior traits and changes in eating behavior traits in response to the diet intervention. The same analysis was carried out for sleep quality and duration. Adiposity changes by tertiles of change in sleep (delta PSQI score (post-pré); Δ+: improvement, 0: no change, Δ − : deterioration) and anthropometric markers were performed using analysis of variance adjusting for age, sex and baseline BMI. A Tukey post hoc test was performed to determine which groups were significantly different. A two-tailed P value of less than 0.05 was considered to indicate statistical significance. Data are presented as means ± s.d. All statistical analyses were performed using the JMP version 9 program (SAS Institute, Cary, NC, USA). Table 1 . Participants lost on average 3.7 ± 3.1 kg of body weight, 2.8 ± 2.8 kg of fat mass and 5.0 ± 3.5 cm of WC over the intervention period. Changes in energy intake were verified with the 3-day food records and were of − 522 ± 465 kcal per day on average. Participants complied at 78% with their energy-restricted diet, as assessed by the difference between total energy intake actually consumed and the prescription. The average length of the intervention was 14.0 ± 1.7 weeks. Table 2 shows that body weight, fat mass and WC were all significantly reduced in response to the dietary intervention (P o0.01). Sleep quality was significantly improved in response to the weight-loss program, whereas post-intervention sleep duration was not significantly different from baseline. As shown in Table 2 , the diet intervention had significant effects on eating behavior traits for all subjects and on sleep quality (P o 0.01).
RESULTS

Descriptive characteristics of participants are presented in
Baseline eating behavior traits were all significantly associated with their changes over the intervention for all subjects (Table 3) . However, as shown in Table 3 , when performing the same analysis by sleep categories, no significant relationship was observed between both baseline disinhibition and emotional susceptibility to disinhibition with the changes in these behaviors for the poor sleep quality category. Likewise, no significant association was observed for baseline situational susceptibility to disinhibition with its change during weight loss for those having inadequate sleeping habits (Table 3) .
After adjusting for covariates, baseline situational susceptibility to disinhibition was negatively associated with changes in body weight and WC for all subjects (r = − 0.21; r = − 0.18; P o0.05). For good and poor quality sleepers, baseline susceptibility to hunger was associated with fat and weight loss, respectively (r = 0.33; r = − 0.29; P o 0.05) (Table 4a) . For good quality sleepers, baseline flexible control and external locus of hunger were significantly associated with the change in fat mass (r = − 0.06; r = 0.27; Po 0.05) (Table 4a ). For those within the recommended sleep duration category, baseline situational susceptibility to disinhibition was negatively associated with changes in body weight and WC (Po 0.05) (Table 4b) .
For all subjects, we observed that the changes in cognitive dietary restraint, flexible control and strategic dieting behavior were constantly significantly negatively associated with changes in weight and fat mass for all subjects (P o 0.05) ( Table 5a ). The change in situational susceptibility to disinhibition was positively associated with changes in weight and fat mass for all subjects (P o 0.05) (Table 5a) .
By performing the analysis by sleep categories, we observed within the sleep quality category that the change in situational susceptibility to disinhibition was positively associated with changes in body weight and fat mass for good sleepers (P o 0.05) (Table 5b) . For poor sleepers, the change in avoidance of fattening foods was negatively associated with changes in fat mass and WC (P o 0.05) (Table 5b) .
Within the recommended sleep duration subcategory, we observed that changes in flexible control and strategic dieting behavior were constantly negatively associated with changes in body weight and fat mass (P o 0.05) (Table 5c) . Relationships between the change in flexible control with the change in WC was not influenced by sleep duration (P o 0.05) ( Table 5c ). The change in situational susceptibility to disinhibition was positively associated with the change in fat mass and body weight within the recommended sleep duration subcategory (P o 0.05) (Table 5c) .
Finally, we compared the changes in anthropometric markers by tertiles of change in sleeping habits (three groups were formed; improvement, no change and deterioration). There was a significant relationship in those who improved and deteriorated their sleep quality (P o 0.05) with the change in WC. Adjusted WC means were − 5.9 cm versus − 3.7 cm in those who improved and deteriorated their sleep quality, respectively (Figure 1a ).
DISCUSSION
Results from the present study show that eating behavior traits are related with weight-loss outcome and that sleep quality and duration seem to influence these relationships. Cognitive dietary restraint and its related subscores all increased in response to the diet intervention. Disinhibition and its related subscores all decreased in response to the weight-loss program. Those variations in eating behavior traits are associated with weightloss success and maintenance. 21 Susceptibility to hunger and its related subcores all diminished as a treatment effect. Those changes benefit weight losers because higher levels of susceptibility to hunger cause a problem for subsequent overconsumption of energy and are positively associated with the level of obesity. 22, 23 Our results are in agreement with those of Teixeira et al. 24 because baseline eating behavior traits were modest predictors of weight-loss success. This emphasizes the need to consider the effect of the dietary intervention on eating behavior traits to develop strategies for long-term treatment of obesity. Indeed, baseline situational susceptibility to disinhibition was negatively associated with weight-loss outcomes and the change in the latter revealed an opposite trend. One possible explanation might be that individualized dietary advice proposed by the dietician to highly disinhibited individuals at baseline favored higher control 
7.2 ± 0.9 6.7 ± 0.9 7.6 ± 0.7** 6.0 ± 0.5 7.6 ± 0.6** PSQI (total score) 4.6 ± 2.6 7.1 ± 2.2 2.9 ± 1.0** 6.8 ± 2.9 3.9 ± 2.1** over food intake resulting in better compliance to the diet plan. Indeed, the diet intervention induced significant changes in eating behavior traits in the expected direction with weight loss for all participants. There were significant improvements in disinhibition traits for all participants and even more for those having a nonfavorable eating behavior profile at baseline. As for cognitive dietary restraint, even though this eating behavior trait increased in response to the intervention, only flexible control predicted adiposity changes. By looking at changes in eating behavior traits by sleep categories, results of the present study show that improvement in flexible control of eating was associated with greater body weight, fat mass and WC losses in individuals having good sleep duration. In particular, we observed that a positive increment of one unit in the level of flexible control was associated with a reduction of 0.57 kg in body weight after adjustment for covariates. More flexible control was also associated with WC reduction for short duration and poor quality sleepers. Increased level of flexible control over eating is associated with lower body weight and is predictive of long-term weight-loss outcomes. 22 Although speculative, one explanation could be that eating behavior trait dominated the influence of sleeping habits on their effect on visceral adiposity.
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An increase in strategic dieting behavior (a subscore of cognitive dietary restraint) was associated with body weight and fat loss solely within the recommended sleep duration subcategory. In a longitudinal study quantifying the associations between the change in eating behaviors and body weight changes over 6 years, women relied more on strategic dieting behavior and avoided more fattening foods as a way to diminish food intake. 25 Although the present study was not sufficiently powered to detect differences between men and women, future studies should investigate whether the associations between eating/sleeping behaviors and body weight, fat and WC loss are gender specific.
An increase in avoidance of fattening foods (a subscore of cognitive dietary restraint) was associated with more body fat mass and WC loss. The later relationship was only observed in the poor quality sleepers subcategory. Moreover, positive associations between the changes in situational susceptibility to disinhibition and body weight and fat loss were solely seen in those having healthy sleeping habits. Among eating behavior traits that were regularly significantly associated with body weight and adiposity loss, situational susceptibility to disinhibition seems to have the most pronounced impact on body weight in our cohort. Indeed, a positive increment of one unit in the level of this variable was associated with an increase of 0.67 kg of body weight after adjustment for covariates among the recommended sleep duration subcategory. On the other hand, a positive increment of one unit in the levels of strategic dieting behavior and flexible control was associated with a decrease of 0.63 kg and 0.57 kg of body weight, respectively, after adjustment for covariates also among the recommended sleep duration subcategory. This is in agreement with other research that has identified the disinhibition subscale to be the trait most persistently associated with obesity and higher energy consumption. 26 Relationship was statistically significant *Po0.05, **P o0.01. r and P values are for the relationship between baseline eating behavior traits and changes of these in response to the diet intervention. The associations between baseline eating behavior traits and changes of these in response to the diet intervention were tested using linear regression analysis.
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The mechanisms that can explain why insufficient sleep may impede the success of dietary interventions are largely unknown. Proposed explanations are that higher ghrelin concentrations generally observed in short sleepers may facilitate the retention of fat. 27, 28 Additionally, the increased drive to eat that accompanies lack of sleep can certainly compromise adherence to caloric restriction because of the fact that dieting also increases hunger. Killgore et al. 29 showed that short sleep duration might make people more vulnerable to hedonic food consumption. There was a significant positive relation between the change in situational susceptibility to disinhibition and the change in total energy intake within all sleep categories in the present study. Greater scores in situational susceptibility to disinhibition were related to more energy consumed. Interestingly, the change in this particular trait resulted in food intake modifications and thus weight and fat mass change uniquely among those having healthy sleeping habits.
A recent study by Dweck et al. 30 examined the role of stress and emotional eating (as assessed by the Dutch Eating Behavior Questionnaire) 31 in short and normal sleepers. They observed that poor sleep quality was associated with high scores of emotional and external eating but not of dietary restraint. Short sleep duration was also associated with higher food consumption among stressed emotional eaters versus normal sleepers. The authors proposed the same conclusion as Chaput et al. 32 in that the effects of sleep deprivation on food consumption are dependent on individual characteristics. Another study indicated that poor sleep quality was associated with an increase in hunger, disinhibition, dietary restraint and emotional susceptibility to disinhibition whereas sleep duration was not. 33 Thus, poor sleep quality could be an indicator or marker of problematic eating behaviors.
Our findings agree with results obtained in previous studies showing that poor sleeping habits could attenuate dietary efforts Indeed, we observed that having healthy sleeping habits favored eating behavior traits that were significantly associated with body weight and adiposity loss. Additionally, we observed that improvement and deterioration in sleeping habits were constantly associated with more and less body weight and fat loss, respectively. Interestingly, there was a significant decrease in WC in those who improved their sleep quality. Poor sleep quality ends up in overall sleep loss and our finding is concordant with recent epidemiological and laboratory evidence that confirm the association between sleep loss and obesity. 35 A longitudinal study by Chaput et al. 36 demonstrated that switching from a short to a recommended sleep duration was associated with less visceral fat mass gain over time. Additionnally, Chaput et al. 37 showed that short sleep duration favors abdominal obesity in children. More research is needed to verify the effects of sleeping habits improvement in the treatment of obesity.
This study is the first one to simultaneously examine the relationships between eating behaviors, sleep and adiposity loss. Although replication studies are clearly needed to confirm the observed findings, our results suggest that eating and sleeping may interact together to predict the outcome of weight-loss programs. One must nevertheless keep in mind that most significant associations reported in the present study had coefficients of correlation ranging between 0.2 and 0.3, suggesting that they explain a small part of the variability in the related variables. However, this is generally the case in the fields of obesity and nutrition because many factors are at play. Despite small effect sizes, we believe that more attention should be paid to eating behaviors and sleep hygiene during weight loss to maximize success.
Our results need to be interpreted in light of the following limitations. First, the small sample size and exploratory nature of this investigation preclude any definitive conclusion about the interconnections between eating behaviors, sleeping habits and fat loss. Second, the results come from a pool of four different weight-loss interventions with slightly different aims and interventions; the idea explored in the present study was thus a retrospective analysis. For example, the pre-post study design does not include a control group (i.e., individuals reviewed on a regular basis but with no instructions provided). Third, we have to keep in mind the limitations of self-reported measures as well as the possibility of residual confounding by unmeasured variables. Fourth, the present study only allows for the identification of associations and does not permit causal inferences. Fifth, other dimensions of sleep (e.g., timing, architecture, consistency and continuity) have not been assessed and could be related to eating behaviors and adiposity loss. Likewise, obstructive sleep apnea diagnosis or daytime sleepiness were not available and could have provided relevant information. Sixth, the PSQI covers sleep quality over the month prior to administration, suggesting that the PSQI performed at the end of the weight-loss program covers sleep during part of the intervention. Seventh, we did not control for stress, personality traits and depression, which might be pertinent targets for health-care professionals as they seem to be important determinants of weight-loss success. 30, 34, 38, 39 Finally, the external generalizability is limited to the sample studied.
In conclusion, sleep may modulate eating behavior in adults involved in different dietary interventions and may act together to influence the outcome of weight-loss programs. Although replication studies are needed to confirm our preliminary findings, one must remember that multiple factors can impact the success of weight-loss programs. In particular, dietary practitioners should explore sleep hygiene and eating behavior traits as part of their overall assessment before prescribing any dietary plan if they want to improve the effectiveness of their intervention.
